Although glutamine is considered the main precursor for citrulline synthesis, the current literature does not differentiate between the contribution of glutamine carbon skeleton vs. nonspecific nitrogen (i.e., ammonia) and carbon derived from glutamine oxidation. To elucidate the role of glutamine and nonspecific nitrogen in the synthesis of citrulline, L-[2-15 N]-and L-[5-15 N]glutamine and 15 N-ammonium acetate were infused intragastrically in mice. The amino group of glutamine labeled the three nitrogen groups of citrulline almost equally. The amido group and ammonium acetate labeled the ureido and amino groups of citrulline, but not the ␦-nitrogen. D5-glutamine also infused in this arm of the study, which traces the carbon skeleton of glutamine, was utilized poorly, accounting for only 0.2-0.4% of the circulating citrulline. Dietary glutamine nitrogen (both N groups) incorporation was 25-fold higher than the incorporation of its carbon skeleton into citrulline. To investigate the relative contributions of the carbon skeleton and nonspecific carbon of glutamine, arginine, and proline to citrulline synthesis, U-13 Cn tracers of these amino acids were infused intragastrically. Dietary arginine was the main precursor for citrulline synthesis, accounting for ϳ40% of the circulating citrulline. Proline contribution was minor (3.4%), and glutamine was negligible (0.4%). However, the glutamine tracer resulted in a higher enrichment in the ureido group, indicating incorporation of nonspecific carbon from glutamine oxidation into carbamylphosphate used for citrulline synthesis. In conclusion, dietary glutamine is a poor carbon skeleton precursor for the synthesis of citrulline, although it contributes both nonspecific nitrogen and carbon to citrulline synthesis. arginine; proline; urea cycle THE CENTRAL ROLE OF THE SMALL INTESTINE in the metabolism of glutamine was firmly established by the studies of Windmueller and Spaeth (56) using isolated perfused small intestinal preparations. Their work revealed that citrulline was one of the many compounds generated by the metabolism of glutamine in the small intestine. Since then, glutamine has been considered the main precursor for citrulline synthesis (10, 15, 36) , and tracer studies utilizing L-[2-15 N](amino) glutamine seem to indicate that 60 -80% of citrulline originates from glutamine (4, 5, 23, 24) .
THE CENTRAL ROLE OF THE SMALL INTESTINE in the metabolism of glutamine was firmly established by the studies of Windmueller and Spaeth (56) using isolated perfused small intestinal preparations. Their work revealed that citrulline was one of the many compounds generated by the metabolism of glutamine in the small intestine. Since then, glutamine has been considered the main precursor for citrulline synthesis (10, 15, 36) , and tracer studies utilizing L- [2- 15 N](amino) glutamine seem to indicate that 60 -80% of citrulline originates from glutamine (4, 5, 23, 24) . Furthermore, some researchers have shown that glutamine supplementation increases citrulline production or plasma concentration (20, 36, 40, 59) or, conversely, that glutamine depletion reduces citrulline concentration (39) . For these reasons, the case for glutamine as the main precursor for citrulline synthesis has become accepted in the literature (10) . Citrulline supplementation has been used to reduce blood pressure (13) , as part of a full-spectrum antioxidant therapy (30) , or to increase protein deposition in a model of aging (35) . Although some of these effects may be due to a more efficient utilization of citrulline rather than arginine, recent reports suggest that citrulline may have some direct effects such as activation of the mTOR pathway (41, 49) or in regulating local availability for nitric oxide production (17) . Furthermore, to increase the endogenous synthesis of citrulline, supplementation strategies (47) , which have been dubbed immunonutrition or, more recently, pharmaconutrition (11) , have been proposed.
However, some researchers have found that glutamine was a poor precursor for ornithine synthesis (16) or that no glutamine-derived carbon could be detected in citrulline in isolated rat enterocytes (52) . A detailed examination of the pathway for citrulline synthesis shows that no direct precursorproduct relationship can be inferred utilizing [ 15 N]glutamine tracers ( Fig. 1) (43a) . Furthermore, the plasma citrulline increase observed during glutamine supplementation may be the consequence of the effect of glutamine on the overall function and metabolism of the enterocytes (37) . Because the design of optimal supplementation strategies relies on a more clearly defined contribution of glutamine to the synthesis of citrulline, the present studies were designed to determine 1) the sitespecific incorporation of the amino and amido nitrogen groups of glutamine into each of the three possible positions of the citrulline molecule and 2) the contribution of the carbon skeletons of glutamine, proline, and arginine to citrulline synthesis in a conscious murine model.
MATERIALS AND METHODS

Animals and treatments. Young adult male Institute of Cancer
Research mice (6 wk old) were used for all the experiments. Mice were housed in an specific pathogen-free facility and had access to an irradiated pelleted feed (Rodent Diet 2920X; Harlan Teklad) with the following dietary proximate analysis: protein (185 g/kg), gross energy (14.1 MJ/kg), fat (60 g/kg), fiber (28 g/kg), and ash (46 g/kg). Autoclaved reverse osmosis water was available at all times. Mice were maintained under a 12-h light cycle (600 -1800) in a temperature-(22 Ϯ 2°C) and humidity-controlled (55 Ϯ 5%) environment. All animal procedures were authorized by the Baylor College of Medicine Institutional Animal Care and Use Committee.
Gastric catheterization. After an overnight fast, a lateral (left flank) laparotomy was performed under general isofluorane anesthesia. The stomach was exteriorized and a purse string suture performed in the fundic region of the stomach adjacent to the glandular region. After a small incision was made with a 19-gauge needle in the stomach wall, a silicone catheter (0.5 mm ID, 0.9 mm OD) was introduced into the stomach. The stomach was kept moist by using a saline solution containing an antibiotic (cefazolin, 0.1 g/ml). The catheter had a small retention bead ϳ2 mm from the tip, which was secured by tightening the purse suture. A second (single) suture secured the catheter to the glandular region of the stomach, and a third one secured the catheter to the abdominal wall. The catheter was exteriorized in the interscapular region, and mice were returned to their cages (single caged).
Analgesics were given (buprenorphine, 0.1 mg/kg sc) right before the surgery and 12 and 24 h after the procedure. Mice recovered their presurgery body weight within 5 days, and infusions were conducted Ն7 days after surgery.
Infusions and sampling. On the day of the infusion, feed was removed at 0700, and mice were weighed at 0930. After a 3-h feed deprivation, mice were restrained and a tail vein catheter was inserted, as described previously (27) . The tail vein catheter and the gastric catheter were then connected to syringe infusion pumps (PHD2000; Harvard Apparatus, Holliston, MA). In addition to the different tracers described below (Cambridge Isotope Laboratories, Andover, MA), a liquid amino acid and glucose solution (Table 1) was infused intragastrically for 4 h at a rate of 20 ml·kg Ϫ1 ·h Ϫ1 to maintain a fed steady state. We have shown previously that it takes ϳ3.2 h for urea to reach isotopic plateau enrichment (26) . The primed continuous infused amino acid tracers and their products reached plateau enrichment Ն3 h after the initiation of the infusions (Fig. 2) . The amino acid and glucose solution, lacking the amino acids of interest, was prepared the day before the infusions. Labeled and unlabeled glutamine, proline, and arginine were added immediately before the infusions were started. The infusion protocols were designed to determine the source of citrulline nitrogen and carbon. For this reason, two different sets of infusions were conducted (nitrogen and carbon arms). The tracers given intragastrically replaced isomolar quantities of the amino acids present in the amino acid solution infused (Table 2) .
Nitrogen arm: incorporation of glutamine nitrogen into citrulline. Two infusions took place 7 days apart in the same mice. In the first infusion, [5- 13 C 4,4,5,5]D4-citrulline (6.4 mol·kg Ϫ1 ·h Ϫ1 , prime 6.4 mol/kg) was infused intravenously for 4 h to determine the plasma entry rate of citrulline. After a 7-day recovery period, one of the three following infusion protocols was performed to determine the contribution of intragastrically infused 1) amino and 2) amido glutamine N and 3) ammonium N to citrulline synthesis.
To determine the contribution of the amino nitrogen and carbon skeleton of glutamine to citrulline synthesis, L- [2- 15 N](amino) glutamine (200 mol·kg Ϫ1 ·h Ϫ1 , prime 200 mol/kg) and [2,3,3,4,4-D5]glutamine (200 mol·kg Ϫ1 ·h Ϫ1 , prime 200 mol/kg) were infused intragastrically (n ϭ 10 mice).
To determine the contribution of the amido nitrogen and carbon skeleton of glutamine to citrulline synthesis, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , prime 200 mol/kg) were infused intragastrically (n ϭ 10 mice).
In addition, 13 C 18 O urea (160 mol·kg Ϫ1 ·h Ϫ1 , prime 160 mol/kg) was infused intravenously for 4 h in all three nitrogen arm infusion protocols to determine the entry rate of urea and the contribution of ammonium N and glutamine amino and amido N to urea synthesis.
Carbon arm: utilization of the carbon skeleton of different precursors for the synthesis of citrulline. To study the origin of citrulline carbon, the following carbon labeled precursors were infused intragastrically. 1) To determine the contribution of the carbon skeleton of glutamine to citrulline synthesis, [U- , prime 95 mol/kg) was infused intragastrically (n ϭ 10 mice); and 3) to determine the contribu- , prime 7 mol/kg) was infused intravenously in all three carbon arm infusion protocols to determine the rate of appearance of citrulline.
After a 4-h infusion, blood was drawn from the submaxibular bundle and centrifuged at 1,500 g for 10 min at 4°C, and plasma was kept frozen at Ϫ80°C until analysis. Blood samples from similar mice under identical housing conditions and infused with the amino acid and glucose mixture for 4 h were used to determine isotopic enrichment background.
Sample analysis. Plasma glutamine, citrulline, arginine, proline, and ornithine were determined as their dansyl derivatives by liquid chromatography-mass spectrometry, utilizing a TSQ Quantum Ultra System (Thermo Finnigan, San Jose, CA). Glutamine and citrulline isotopic enrichments were determined by multiple reactions monitoring the transitions mass-to-charge ratio (m/z) 380 to 84 and 363, 381 to 85 (amino nitrogen) and 363 (amido nitrogen) for glutamine, 409 to 70 and 392, and 410 to 71 (␣-nitrogen), 392 (ureido nitrogen), and 393 (␣-and ␦-nitrogen, and ureido C) for citrulline (Fig. 3) . Arginine, proline, and ornithine isotopic enrichments were determined by single reaction monitoring the transitions m/z 408 to 170, 413 to 170, and 414 to 170 for arginine, 349 to 170 and 354 to 170 for proline, and 599 to 170 and 604 to 170 for ornithine.
Plasma urea isotopic enrichment was determined by electron impact GC-MS after the urea was derivatized to the tert-butyldimethylsilyl derivative. Plasma (20 l) protein was precipitated with ice-cold acetone (100 l), and the supernatant containing the urea was obtained after centrifugation at 1,500 g for 15 min at 4°C. The supernatant was evaporated under a gentle stream of nitrogen gas at 80°C, 
where R a M is the rate of appearance (flux) of the unlabeled metabolite M (mol·kg Ϫ1 ·h Ϫ1 ), iM is the intravenous infusion rate (mol·kg Ϫ1 ·h Ϫ1 ), Ei is the enrichment of the infused tracer, and EM is the plasma enrichment of metabolite M at isotopic plateau enrichment (mpe).
When the rate of appearance of citrulline (R a Cit) and the contribution of the different dietary precursors are determined at the same time (C Arm), this equation fails to take into account the contribution of the labeled dietary precursor. Note that in these experiments the dietary precursors were ϳ30% enriched and that the tracers replaced isomolar quantities of the amino acid present in the amino acid solution infused intragastrically. For these reasons, the R a Cit is adjusted to take into account the contribution of the dietary tracers, as described in Eq. 2.
The contribution of the different labeled precursors to the synthesis of citrulline was calculated from the recovery of the tracers in plasma citrulline as
where Citrec_p is the recovery of the dietary labeled precursor p as citrulline in peripheral plasma (mol·kg Ϫ1 ·h Ϫ1 ), ECit_p is the isotopic plasma enrichment of citrulline due to the infusion of the labeled precursor p (mpe), and R a Cit is the entry rate of unlabeled citrulline as calculated above (mol·kg Ϫ1 ·h Ϫ1 ; Eq. 1). The contribution of the labeled precursor can also be calculated as the percentage of the tracer recovered as citrulline as
where Cit rec_p% is the percentage recovery of the infused tracer as citrulline (%) and ip is the infusion rate of the precursor p (mol tracer·kg Ϫ1 ·h Ϫ1 ) and the other variables, as defined above. This equation allows for the comparison of the incorporation of different labeled molecules when the unlabeled molecules are not present in the diet (i.e., ammonia or ornithine) or the infusion rates are different. The contribution of the intragastrically infused dietary precursors can then be calculated by dividing the recovery of the labeled precursor by the corresponding enrichment of the tracer in the infusate as
where dietary_P_contribution is the contribution of the dietary (labeled and unlabeled) precursor P to the synthesis of citrulline (mol·kg Ϫ1 ·h Ϫ1 ), Citrec_p is the recovery of the labeled precursor p as citrulline in peripheral plasma (mol·kg Ϫ1 ·h Ϫ1 ; Eq. 2), and Eip is the enrichment of the intragastrically infused precursor p (mpe).
Finally, the relative importance of the different dietary precursors to R a Cit can be calculated as
where citorigen% is the contribution, as percentage, of the dietary precursor P to the production of citrulline (note that this equation is valid even in the event of hepatic extraction of citrulline) and R a Cit is the adjusted entry rate of citrulline, as described above.
The contribution of the different 15 N-labeled compounds to urea can be calculated by similarly applying the equations shown above.
Data analysis. Data were analyzed statistically as a complete randomized design utilizing the Proc Mixed procedure of SAS (version 9.1; SAS Institute, Cary, NC) with tracer as a fixed effect. If a significant effect for the tracer infused was obtained (P Յ 0.05), the post hoc Tukey procedure for multiple pairwise comparisons was also applied.
RESULTS
Nitrogen arm: incorporation of glutamine nitrogen into citrulline. The intragastric infusion of the [
15 N]glutamine tracers, as well as [ 15 N]ammonium acetate, resulted in measurable enrichments in both amino and amido groups of plasma glutamine (Table 3 and Fig. 4 ). The infusion of L- [2- 15 N]glutamine resulted in the incorporation of the 15 N tracer in the three possible positions of citrulline (␣, ␦, and ureido). Both [5- 15 N]glutamine and [ 15 N]ammonium infusions resulted in a higher enrichment of the ureido group, a smaller enrichment of the ␣-N, and no measurable labeling in the ␦-position of citrulline (not different from zero, P Ͼ 0.15). The infusion of D 5 -glutamine resulted in a modest incorporation of the D 5 label into citrulline (Table 3 and Fig. 4 ). Table 4 ). Because the infusion rates of the glutamine (and ammonium) tracers were identical, the recovery of the tracer as percentage of the tracer infused followed the same pattern ([
15 N]glutamine; Eq. 3 and Table 4 ). The dietary contribution of glutamine to the synthesis of citrulline was approximately threefold greater for the amido group than for the amino group, but taken together glutamine contributed N for the synthesis of ϳ10 mol·kg ; Eq. 4 and Table 4 ). Hence, whereas ϳ5% of citrulline nitrogen originated from dietary glutamine, only ϳ0.20% of the carbon had the same origin (Eq. 5 and Table 4 ).
The rate of appearance of urea was not different (P ϭ 0.130) among the three infusions of the N arm (Eq. 1 and ) to the synthesis of urea and represented 3.4% of the urea production (Eqs. 4 and 5 and Table 5 ).
Carbon arm: utilization of the carbon skeleton of different precursors for the synthesis of citrulline. The infusion of the U- 13 C n amino acid tracers resulted in the appearance of the infused tracers in peripheral plasma ( Table 6 ). The infusion of [U 13 C 6 ]arginine resulted in higher enrichments (P Ͻ 0.0001) of plasma ornithine, citrulline, and arginine (M ϩ 5) than either proline or glutamine tracers despite a reduced rate of infusion of the arginine tracer. The enrichment of citrulline in one carbon position, presumably the ureido carbon that originates from CO 2 , was higher for glutamine than for proline and arginine. However, the enrichment due to the infusion of the arginine tracer was not different from zero (P ϭ 0.676).
Citrulline entry rate did not differ (P ϭ 0.8581) among the three infusion groups (Eq. 1 and Table 7 ). The recovery of arginine tracer (19.25 mol·kg Ϫ1 ·h
Ϫ1
) in citrulline was higher (P Ͻ 0.0001) than proline (4.2 mol·kg Ϫ1 ·h Ϫ1 ), which in turn was higher (P Ͻ 0.0001) than glutamine (0.4 mol·kg Ϫ1 ·h Ϫ1 ) (Eq. 2 and Table 7 ). Despite the different amounts of dietary tracers infused, the recovery of the tracers as citrulline followed the same order (20.4% arginine, 1.7% proline, and 0.2% glutamine; Eq. 3 and Table 7 ). Dietary arginine was the main precursor that contributed to circulating citrulline (65.8 mol·kg Ϫ1 ·h
), followed by proline (5.5 mol·kg Ϫ1 ·h Ϫ1 ) and glutamine (0.7 mol·kg Ϫ1 ·h Ϫ1 ) (Eq. 4, Table 7 , and Fig. 5 ). Dietary arginine was the precursor for ϳ40% of the citrulline entry rate, whereas proline contributed only 3.3% and glutamine 0.4% (Eq. 5 and Table 7 ). The contribution of carbon skeleton glutamine to circulating citrulline in this arm of the study determined with [U- 13 C 5 ]glutamine was statistically higher (P Ͻ 0.0001) than in the N arm determined with D 5 -glutamine (0.4 vs. 0.2% of R a Cit ).
DISCUSSION
Origin of circulating citrulline and model domain.
Since little or no citrulline is present in the diet [with the notable exception of watermelon (44)], circulating citrulline is almost entirely of endogenous origin. Although there are other sources of endogenous citrulline [e.g., from turnover of citrullinated proteins and by action of nitric oxide synthase on arginine (18) and dimethylarginine dimethylaminohydrolase on dimethylarginine (34)], it is believed that these sources are quantitatively minor compared with the synthesis of citrulline from ornithine. The enzyme that catalyzes the conversion of ornithine into citrulline, ornithine transcarbamylase, is present in only two cell types, hepatocytes and enterocytes. In hepatocytes ornithine transcarbamylase functions as part of the urea cycle, and under normal conditions there is no net synthesis of citrulline because urea production regenerates ornithine (7). However, the citrulline produced by the enterocytes is exported and enters the portal circulation. It has been shown in rodents that citrulline is neither removed nor released by the liver, and thus R a Cit represents citrulline production (53) . Recently, however, this concept has been challenged in humans undergoing surgery, mostly liver resection (46) . It is not clear whether these human data are applicable to the other species or to humans in more physiological conditions. Nevertheless, the kinetic model employed estimates the contribution of the different precursors to citrulline appearing in the peripheral circulation (R a Cit ), which is the variable usually measured (4, 23, 25) . Also, note that the small dilution in citrulline enrichment, due to citrulline production by nitric oxide synthase (and other minor sources), is compensated for by the increase in rate of appearance from the same source.
N-labeled glutamine is a poor tracer to determine precursor-product relationships between glutamine and citrulline.
The extensive catabolism of glutamine in the small intestine generates large quantities of ammonia and CO 2 (56) . The current literature does not differentiate between these nonspecific contributions (ammonia and CO 2 ) from the specific contribution (the carbon skeleton) of the intact glutamine to the synthesis of citrulline. Glutamine supplementation should increase citrulline production by mass action only if the carbon skeleton of glutamine is utilized for the synthesis of the ornithine used for citrulline synthesis. With this premise in mind, the L- [2- 15 N]glutamine used as tracer by others to follow the fate of the glutamine molecule (4, 10, 23) can be utilized to describe a precursor-product relationship between glutamine The intragastric infusion of 15 N-labeled glutamine in the current experiment resulted in the appearance of labeled glutamine in peripheral plasma. However, the 15 N label did not remain in the original position. This indicates that the label can be lost and reincorporated, labeling other parts of the molecule. Furthermore, the plasma glutamine enrichments achieved with an identical infusion rate of D 5 -glutamine, which follows the carbon skeleton of the molecule, were less than one-half than the ones achieved with 15 N. This indicates that there is an extensive recycling of the N moiety of glutamine, a conclusion further supported by the labeling of glutamine from the [ 15 N]ammonium acetate infusion.
Phosphate-dependent glutaminase, a mitochondrial enzyme highly expressed in enterocytes (8), is responsible for the first step in the hydrolysis of glutamine to ammonia and glutamate.
The ammonia generated by the action of glutaminase on the intragastrically infused L- [5- 15 N]glutamine contributed to the mitochondrial ammonia pool utilized in the synthesis of carbomyl phosphate and was eventually incorporated as the ureido group of citrulline. However, the intragastric infusion of the ammonium tracer was more effective in the labeling of the ureido position of citrulline, presumably because some glutamine can escape first-pass utilization and also because glutamine is used by the small intestine for protein synthesis (56) . Dietary glutamine also acted as a source of nitrogen for the synthesis of urea, with both amino and amido groups contributing equally. Although urea was the main fate for dietary glutamine nitrogen (ϳ60%), it accounted for only a small fraction of the urea appearance rate (3.4%).
The disposal of glutamate, which contains the amino group of glutamine, follows two possible routes ( Fig. 1): 1) reductive deamination by glutamate dehydrogenase to generate ␣-ketoglutarate and ammonia or 2) transamination that results in ␣-ketoglutarate and an amino acid. Although glutamate dehydrogenase is thought to be a minor pathway for glutamate disposal in the small intestine (22) , our present results indicate that it is at least as important as transamination since the amino group of glutamine contributed similarly to the ureido and ␦-groups of citrulline. The similarity between the enrichments achieved by the amino and ␦-nitrogen of citrulline is consistent with glutamate being the nitrogen donor in the transamination of glutamate-semialdehyde (GSA) to produce ornithine ( Fig. 1)  (28) . These results show that the amino group of glutamine can be incorporated into any of the three nitrogen positions of citrulline.
Our findings on the recycling of the 15 N label within the glutamine molecule and the similar enrichments achieved by the three nitrogen groups of citrulline when L- [2- 15 N]glutamine was infused indicate that 15 N-labeled glutamine is a poorly suited tracer to determine a precursor-product relationship between glutamine and citrulline (4, 10, 23) .
Glutamine oxidation provides nonspecific carbon for the ureido group of citrulline. The incorporation of a single labeled carbon into citrulline indicated the labeling of carbamyl phosphate by 13 CO 2 generated from the oxidation of the intragastrically infused tracers. Whereas glutamine and proline seemed to be oxidized to some extent in the small intestine, arginine was poorly oxidized, which is consistent with in vitro data (3). In fact, any substrate oxidized in enterocytes, such as aspartate (54) or glucose (Marini JC, unpublished observations), can be a source of nonspecific carbon for the synthesis of citrulline. This is likely the reason for the 14 (33, 53) . This incorporation of a single C has to be taken into account if 13 C-labeled tracers are coinfused with 15 N tracers to determine citrulline metabolism, since both traces may yield M ϩ 1 enrichments. For these reasons, we did not infuse any [
13 C]glutamine tracers in the N arm of the study, but we chose instead a deuterated glutamine tracer.
The utilization of glutamine for citrulline synthesis depends on the synthesis of ornithine by ornithine aminotransferase, a bidirectional enzyme. In vitro studies have shown that enterocytes were able to synthesize citrulline when glutamine, but not ornithine or proline, was the sole substrate (58) . However, the addition of ammonium chloride to ornithine (58) or glutamine to proline (57) was able to trigger an increase in the synthesis of citrulline from ornithine and proline, respectively. Likewise, the addition of glutamine increased the production of citrulline from arginine (16) . This interaction between possible precursors for citrulline synthesis highlights the difficulty of providing the appropriate mix of precursors and energy substrates to mimic the in vivo situation. This is especially true because not only may glutamine act as a precursor for citrulline synthesis, it is also an important respiratory fuel for the small intestine (56) . Additionally, glutamine also provides glutamate, which can be used for the synthesis of N-acetylglutamate, the allosteric activator of carbamylphosphate synthase (21) , and ammonia for the synthesis of carbamylphosphate (32) .
Although ornithine aminotransferase (OAT) can function in both directions, toward the synthesis of ornithine or its disposal, it seems that in adults the catabolic route predominates (31) since the equilibrium strongly favors the formation of GSA (43) . However, the accumulation of glutamate in the medium during in vitro culture of enterocytes (51, 58) might tilt the OAT balance toward the synthesis of ornithine instead of its degradation (43) and thus not reflect in vivo metabolism. It has been shown in vivo that OAT inhibition in adult mice (1, 42) increased plasma ornithine concentration, whereas in suckling piglets OAT inhibition decreased ornithine levels (14) . The inhibition of OAT in transgenic mice results in a paradoxical neonatal hypo-ornithemia and hyperornithemia after weaning, which mimics similar findings reported in humans with gyrate atrophy (50) . This is due to developmental changes in OAT activity that have been reported in the small intestine of rats and mice (19, 38) . OAT activity is high while the pups are nursing, but there is a decline, concomitant with the ingestion of solid feed, toward weaning. Other related enzymes such as pyrroline-5-carboxylate (P5C) synthase and proline oxidase also decline together with OAT, whereas arginase activity increases. Furthermore, ornithine itself is an inhibitor of P5C synthase (48) . These ontological changes seem to result in a reduction in the de novo synthesis of ornithine from GSA (i.e., from glutamine and proline) and an increased dependence on ornithine generated by arginase. Moreover, the isolation of enterocytes for in vitro studies results in the loss of the architecture of the intestinal epithelium. In situ hybridization studies in neonatal small intestine have shown that the enzymes that metabolize citrulline into arginine are present only in the upper part of the villi, whereas the mRNA of the enzymes involved in the synthesis of citrulline were concentrated in the crypts (9) . In adult rats, it has been shown inmunohistochemically that OAT is localized in villi but not in the crypts (28) . This intraepithelial localization of enzyme activity adds an extra layer of complexity to the already complex interorgan trafficking of intermediates for citrulline synthesis.
The contribution of glutamine carbon skeleton in the present study, determined with the 2,3,3,4,4-D 5 and U-13 C 5 tracers, accounted for a modest fraction (ϳ0.2-0.4%) of the circulating citrulline that contrasts with previous determination in in vitro systems (58) . For the reasons mentioned above, the localization of the different enzymes within different enterocyte subpopulations, the concentration of precursors, and the removal of products (i.e., glutamate), we suggest that whole animal experiments are the only means to fully understand the complex interorgan trafficking of precursors utilized in the synthesis of citrulline.
"Preformed" ornithine is used preferentially for citrulline synthesis. As discussed above, ornithine utilized for the synthesis of citrulline can originate not only from the transamination of GSA by OAT ("de novo"; Fig. 1 ) but also by the hydrolysis of arginine by arginase (i.e., "preformed"). In the present study, the predominant dietary precursor for the synthesis of citrulline was arginine, which contributed ϳ40% to the circulating citrulline, whereas proline participation was minor (3.3%) and the contribution of glutamine negligible (0.2-0.4%). The remaining ϳ55% of the circulating citrulline originated, presumably, from endogenous sources. In a multitracer study in piglets, Urschel et al. (45) concluded that proline was the main precursor (50%) in the synthesis of citrulline. In this study tracers were given orally, but plasma enrichments were utilized in their calculations as the enrichment of the precursors (45) . The implicit assumption of this approach is that amino acids are absorbed but not metabolized by the enterocytes, appear in peripheral plasma, and then return to the small intestine, where they are metabolized. Applying Eqs. 2 and 3, which do not rely on plasma enrichments to evaluate the contribution of oral tracers to the synthesis of citrulline, to the data of Urschel et al. (45) indicates that the recovery of the ornithine tracer used was ϳ37 and 74% for the arginine-sufficient and -deficient diets, respectively, whereas the recovery of the proline tracer was only 0.4 and 2.4%, respectively. This reanalysis of the data in piglets supports our finding that preformed ornithine is the preferred precursor for the synthesis of citrulline rather than de novo ornithine synthesized by means of OAT.
The supply of preformed ornithine to the enterocytes seems to be guaranteed due to the ϳ40% first-pass extraction of dietary arginine that, at least in piglets, is due entirely to small intestinal metabolism (2) . Similar first-pass arginine disappearance has been shown in humans (33%) (6) and rats (33%) (54) . However, the contribution of dietary arginine to the synthesis of citrulline in the present study was not necessarily a first-pass phenomenon since plasma ornithine enrichment was higher than the enrichment of citrulline. This means that arginine escaping first-pass extraction and metabolized somewhere else in the body to ornithine could have returned to the small intestine to be substrate for citrulline synthesis. In fact, we have previously seen substantial incorporation of plasma ornithine into citrulline (25) .
Conclusions. In conclusion, we have been able to dissect the contribution of dietary arginine, proline, and glutamine to the synthesis of citrulline and for the first time trace the incorporation of glutamine amino and amido nitrogen into the three possible positions of citrulline in vivo in a whole conscious animal model. We were also able to determine that glutamine oxidation provides ammonia and CO 2 that can be utilized for the synthesis of citrulline. This nonspecific contribution of glutamine cannot be employed to derive precursor-product relationships, since any substrate oxidized by the enterocyte will behave in the same manner. Thus [
15 N]glutamine tracers are not appropriate to determine the conversion of glutamine into citrulline. The use of tracers that follow the carbon skeleton of glutamine showed that this amino acid is a minor contributor for the synthesis of citrulline. These observations, together with our finding that arginine is the main dietary precursor for circulating citrulline, will hopefully lead to the reevaluation of glutamine supplementation and further work to elucidate the mechanism by which glutamine supplementation increases citrulline availability. 
